Sulfur trioxide ͑SO 3 ͒ isolated in solid argon at 12 K was irradiated with light at 193 nm from an ArF excimer laser. Recombination of photofragments O and SO 2 produces OSOO that absorbs at 1229.6, 1041.3, and 597.6 cm
I. INTRODUCTION
Sulfuric acid is a primary constituent of acid rain.
1,2 It also plays an important role in the formation of atmospheric aerosols; consequently it influences the climate and the depletion of ozone. 3, 4 The major channel for the formation of sulfuric acid from sulfur compounds involves oxidation of SO 2 . The process, 5 is generally accepted to be responsible for homogeneous oxidation of SO 2 in the atmosphere. Hence, sulfur trioxide ͑SO 3 ͒ is an important intermediate in the oxidation processes of sulfur compounds. Vibrational spectra of SO 3 either in the gaseous phase or isolated in a matrix were reported by numerous investigators; [7] [8] [9] [10] [11] [12] [13] [14] they are consistent with the well established planar structure of D 3h symmetry. Formation of isomers of SO 3 may be suspected, especially at low temperature, but such isomers remain uncharacterized, either theoretically or experimentally. A few matrix-isolation experiments relevant to formation of SO 3 and perhaps its isomers were reported. Hopkins et al. 15 measured IR and Raman spectra of low-temperature condensates of SO 2 subjected to radio-frequency and microwave discharges; they observed production of SO 3 , S 2 O, S 3 , S 4 , O 3 , and a poly ͑sulfur oxide͒. Kugel and Taube 16 photolyzed matrix samples containing O 3 and SO 3 ; they observed new IR absorption lines attributed to SO 4 from reaction of SO 3 and O. Formation of OSOO from reaction of SO 3 with O in matrices was also suspected, but no experimental evidence was obtained. Sodeau and Lee 17 photolyzed matrix samples ͑Ar, N 2 , or O 2 ͒ containing SO 2 with either a 1000 W Hg arc or a 20 W Zn lamp; they found that monomeric SO 2 was inert, whereas the dimeric species was readily photooxidized to SO 3 in an O 2 matrix at 12 K.
We demonstrated previously that during photolysis of a matrix sample the matrix cage effect provides excellent opportunities for photofragments to recombine to form various isomers of parent molecules that may be difficult to prepare in the gaseous phase. 18 -20 We produced and identified ciscis and trans-perp HOONO by irradiation of nitric acid ͑HONO 2 ͒ isolated in solid Ar at low temperature with a 193-nm excimer laser. 18 In the present work with a similar technique we irradiated samples of matrix-isolated sulfur trioxide ͑SO 3 ͒ to observed infrared absorption lines due to OSOO. With the first identification of this isomer of SO 3 , we expect that its role in atmospheric chemistry will be determined in due course.
II. EXPERIMENTS
The experimental setup is similar to that described previously. 18, 21 The cold matrix support at 13 K was a copper mirror gold-plated to reflect the IR beam to the detector. Matrix-isolated samples were prepared by passing a stream of Ar over a glass trap containing SO 3 and H 2 SO 4 ; the trap was cooled to approximately 210 K to reduce the vapor pressure of the sample. H 2 SO 4 was dehydrated before experiments by passing Ar over the heated sample for more than 25 h. Because the presence of a small amount of H 2 SO 4 does not affect the photochemistry of SO 3 , we found that it is convenient to employ the aforementioned method to prepare matrix-isolated SO 3 . Typically 10 mmol of gaseous mixture were deposited onto the cold target over a period 2-3 h. Proper dilution to suppress formation of aggregates was achieved by control of the temperature of the sample trap. The concentration ratios of SO 3 :H 2 SO 4 :Ar were not determined, but we examined IR absorption spectra of SO 3 
III. COMPUTATIONAL DETAILS
The energies, vibrational frequencies, and equilibrium structures were calculated with GAUSSIAN94 program. 22 Because of the partial diradical character in OSOO, calculations at the MP2 level failed to provide reasonable vibrational frequencies. Hence, both methods used to optimize the geometries and to calculate the energies involve density functionals, described as ͑1͒ B3-LYP, a variation of Becke's threeparameter ͑local, nonlocal, Hartree-Fock͒ hybrid exchange functional using the Lee-Yang-Parr correlation functional, 23, 24 and ͑2͒ B-P86, a method using Becke's exchange functional with Perdew's 1986 gradient-corrected correlation functional. 25, 26 Relative energies of five possible isomers were calculated by two additional methods, the coupled cluster singles and doubles ͑CCSD͒ ͑Ref. 27͒ and CCSD͑T͒ ͑Ref. 28͒, in which T stands for noniterative triple excitations, for geometries optimized at the B-P86 level. Dunning's correlation-consistent polarized valence tripletzeta ͑cc-PVTZ͒ ͑Ref. 29͒ basis set was used at B-P86, CCSD, and CCSD͑T͒ levels, whereas the basis augmented with s, p, d, and f functions ͑aug-cc-PVTZ͒ ͑Ref. 30͒ was used for the B3-LYP method. Analytic first derivatives were utilized in geometry optimization, and vibrational frequencies were calculated analytically at each stationary point for the B3-LYP and B-P86 methods.
IV. RESULTS AND DISCUSSION
The matrix samples contained SO 3 with minor H 2 SO 4 impurity. The latter is inactive to photolysis at у193 nm; irradiation of H 2 SO 4 in solid Ar with a medium-pressure Hg lamp or laser emission at 193, 248, or 308 nm produced no change detectable with our infrared spectrometer. The species were well diluted so that nearly all guest compounds were in monomeric form. Hence, the presence of H 2 SO 4 did not interfere in our investigation of photolysis of SO 3 .
A. Infrared absorption of SO 3
Trace A of Fig. 1 our observation of six lines near 527 cm Ϫ1 ͑ 4 ͒. A quartet rather than a sextet was observed for 3 near 1385 cm ; these were not reported previously. Lines in set B ͑labeled ''b'' in Fig. 1͒ 31 Relatively weak lines at 1355.0, 1353.0, and 1151.0 cm Ϫ1 were also observed; they correspond to SO 2 in a stable site.
Further irradiation of the matrix sample with 248 nm laser emission for 2 min bleached lines in set A, as illustrated in trace C of Fig. 1 . The intensities of lines in set B ͑due to SO 2 ͒ nearly doubled and those of SO 3 increased slightly. In a few experiments, the KrF excimer laser with emission at 248 nm was replaced by a low-pressure Hg lamp ͑at 253.7 nm͒, a XeCl laser ͑at 308 nm͒, or a dye laser ͑at 390 nm͒ pumped by a XeCl laser. In all cases, lines in set A disappeared readily whereas those of SO 3 increased; typically SO 3 increased more when a source at a greater wavelength was employed for secondary photolysis.
Photolysis of the SO 3 /Ar matrix sample with laser emission at 248 nm produced only SO 2 , as shown in trace D of Fig. 1 for an irradiation period of 40 min. Compared with the spectrum recorded after photolysis at 193 nm, the line at 1351.1 cm Ϫ1 is much more intense than that at 1348.1 cm Ϫ1 . Ϫ1 indicate a mode containing a weak SO-stretching mode mixed with other bending modes; the structure of SOOO is inconsistent with observation of such a mode. ͑4͒ Further photolysis of this product with laser emission at 248 nm produces SO 2 and SO 3 ; there is no simple mechanism for such photoprocesses from SOOO. ͑5͒ If SOOO were formed via the cage effect, a likely photolysis path would be reaction ͑4͒, but we detected no SO after photolysis of SO 3 at 193 nm. Similarly, the possibility of formation of a cyclic-SOOO is eliminated according to results from isotopic experiments.
Isotopic shifts
The assignment of observed lines in set A to S-oxide-cyclic-SO 2 , a three-membered ring compound shown as isomer I in Fig. 3 O proportions is what one expects for OSOO; motions of two adjacent O atoms differ slightly because of the adjacent S atom, and motion of the third O atom has a negligible effect on this vibration because it is separated by the S atom from the OO moiety. As the central S-O bond is relatively weak, it is likely to couple with other bending modes; the observed isotopic shifts are consistent with a weak SO-stretching mode mixed with OSO-bending and SOO-bending modes.
Formation of OSOO may result from reactions in a matrix cage: . There may be various stable conformers of OSOO, but we observed only one set of lines in our experiments. Irradiation of the matrix sample with the hydrogen Lyman-␣ line ͑121 nm͒ also produced the same set of lines of OSOO. Our experimental data provide no definitive information to assign conformation. If OSOO is formed via reactions ͑5͒ and ͑7a͒, formation of a trans isomer requires less geometric rearrangement than that of a cis isomer. However, in our experiments on photolysis of HNO 3 to form cis-cis and trans-perp HOONO, we found that the photolytic behavior of the products played an important role to determine the apparent quantum yield of each species. 18 -21 If the photoproduct absorbs ͑and photodissociates͒ strongly at the same wavelength of photolysis, it may accumulate insufficient concentration to be detected. Irradiation of the matrix sample with 248 nm laser emission produced only SO 2 . Although it is possible that at 248 nm the photofragments may lack excess energy to overcome the barrier to form OSOO, it is more likely that OSOO is absent because it photodissociates readily at 248 nm, as observed in experiments of secondary photolysis. The formation of SO 2 rather than SO after photolysis of OSOO indicates that the O-O bond of OSOO dissociates at 248 nm.
V. COMPARISON WITH THEORETICAL CALCULATIONS
According to theoretical calculations, there are five stationary isomers of SO 3 , as illustrated in Fig. 3 ; the geometries predicted for each isomer at both B-P86 and B3-LYP levels are also indicated, with results from the latter method listed in parentheses. The chain isomers ͑cis-OSOO and trans-OSOO͒ are planar whereas the ring isomers ͑I and II͒ are nonplanar. As expected, the O-O bonds ͑ϳ1.52 Å͒ of ring isomers are much longer than those of chain isomers ͑ϳ1.31 Å͒. Two types of S-O bonds in these isomers were predicted; the bonds in the ring structure and the central bonds in OSOO ͑1.69-1.74 Å͒ are much longer than those at terminal positions ͑1.46 -1.48 Å͒. The central S-O bonds in cis-and trans-OSOO predicted by the B3-LYP method ͑ϳ1.62 Å͒ are slightly shorter than those predicted by the B-P86 method ͑ϳ1.72 Å͒. Figure 4 shows energies of these isomers relative to that of SO 3 from calculations at various levels; the relative orders in energy are similar in all calculations. Relative to SO 3 , ring isomer I has the least energy whereas ring isomer II has the greatest. Cis-OSOO lies approximately 5 kcal mol Ϫ1 below trans-OSOO. The energies of cis-and trans-OSOO at the CCSD͑T͒ level decreased from those at the CCSD level by O isotopic ratios of vibrational wavenumbers of SO 3 were calculated by the B-P86 and the B3-LYP methods, as listed in Table III . Unscaled results by the B3-LYP method underestimate vibrational wavenumbers of SO 3 by 1.6 -3.8 %, whereas those at the B-P86 level differ by 5.7-9.2 %. The magnitudes of deviations provide a rough indication of possible errors in predictions of vibrational wave numbers of other isomers of SO 3 . The predicted 18 O/
16
O isotopic ratios agree well with experiments; the agreement is consistent with our previous experience 19, 20 that even when predicted vibrational wave numbers deviate from experimental results by a relatively large fraction, predicted isotopic ratios typically show negligible errors.
Vibrational wave numbers predicted for two ring compounds ͑isomers I and II in Fig. 3͒ are listed in Table IV ; they are listed in descending orders of wave numbers irrespective of corresponding symmetries. The four-membered cyclic-SOOO ͑isomer II͒ has vibrational wave numbers smaller than 900 cm Ϫ1 for all modes, as expected from its predicted geometry. Furthermore, predicted IR intensities are greatest for modes near 600 cm
Ϫ1
. Hence, the possibility that observed new lines in set A are due to this isomer is clearly excluded. The three greatest vibrational wave numbers predicted for isomer I with a three-membered ring structure deviate from experimental observation by 0.8%, Ϫ9.8%, and 9.6% at the B-P86 level, and by 4.8%, Ϫ5.9%, and 15.0% at the B3-LYP level; the deviations much exceed those of typical calculations at such levels. Predicted relative IR intensities are also inconsistent with experimental observation. Therefore, it is unlikely that observed lines in set A are due to isomer I.
Vibrational wave numbers, infrared intensities, and 18 O/ 16 O isotopic ratios predicted for cis-OSOO and trans-OSOO are listed in Tables V and VI, respectively. The three greatest wave numbers predicted for both conformers are similar. Calculated values for SO-stretching and OOstretching modes for both conformers deviate from line positions observed experimentally by less than 5% by both B-P86 and B3-LYP methods. However, the B-P86 method Derived by subtracting wave numbers of 3 from that of 1 ϩ 3 in Table I . describes the mode near 600 cm Ϫ1 better, with wave numbers predicted for cis-and trans-OSOO deviate 1.2% and 3.1% from the observed value, respectively, as compared with deviations 9.4% and 17% derived at the B3-LYP method. Differences in wave numbers between cis-and trans-OSOO are distinct only for modes below 450 cm Ϫ1 , beyond our detection limits; therefore we cannot determine the conformation of observed photoproducts on the basis of observed vibrational wave numbers. 18 O-isotopic shifts of both SO-stretching and OO-stretching modes are also similar for both conformers, as listed in Tables V and VI, O isotopic ratios observed for these three modes fit well ͑within 0.002͒ with those predicted for cis-OSOO, whereas they differ by as much as 0.007 from those predicted for trans-OSOO. Hence, we conclude that observed lines in set A at 1229.6, 1041.3, and 597.6 cm Ϫ1 are likely due to cis-OSOO.
The six vibrational modes of cis-OSOO and trans-OSOO predicted by the B-P86 method are shown in Fig. 5 . The two modes with greatest energies are mainly SO stretch and OO stretch, consistent with observed isotopic shifts. The mode near 600 cm Ϫ1 for cis-OSOO corresponds to motions of stretching of the central S-O bond mixed with OSO and SOO bending; the motions of two terminal O atoms are nearly equivalent, thus yielding nearly identical vibrational wave numbers for 16 O 3Ϫx ͑xϭ0-3͒. The corresponding mode for trans-OSOO involves less motion of the terminal O atom adjacent to the S atom, hence 18 O/ 16 O isotopic ratios are predicted to be greater than those of cis-OSOO as the terminal 16 O atom adjacent to the S atom is substituted with an 18 O atom. As described previously, the major difference in geometries predicted for cis-and trans-OSOO between the B-P86 and the B3-LYP methods is that the lengths of the central S-O bond are predicted to be approximately 0.1 Å greater than those predicted at the B3-LYP level. Consequently, the corresponding frequencies and isotopic shifts of the vibrational mode near 600 cm Ϫ1 are better described at the B-P86 level. In order to eliminate the possibility that the inadequacy in prediction at the B3-LYP level is due to insufficient basis set, we used the aug-cc-PVTZ basis set for B3-LYP computations; the results show no improvement on the description of the mode near 600 cm Ϫ1 .
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VI. CONCLUSION
We photolyzed SO 3 in solid Ar with an ArF excimer laser at 193 nm and observed IR absorption lines at 1229.6, 1041.3, and 597.6 cm Ϫ1 due to OSOO, likely in a cis conformation. Vibrational assignments were based on 18 O-and 34 S-isotopic shifts. The results are consistent with theoretical calculations. Our experimental results indicate that photolysis of SO 3 at 193 nm yields OϩSO 2 which recombine in the matrix cage to form OSOO. This observation is the first of such an isomer of SO 3 .
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